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Abstract
Measurements of g factors and lifetimes of the 2+1 states in 36,38Ar have been performed via α-transfer reactions using 32S and 34S ions
in inverse kinematics combined with the techniques of transient magnetic fields and Doppler-shift-attenuation. The variations, with the neutron
number, of the measured g factors and B(E2) values of 36,38,40Ar have been explained by large-scale shell model calculations. The good agreement
achieved between experiment and theory demonstrates the impact of the effective nucleon–nucleon interactions and the magic N = 20 shell
closure. The present new results are a very good show-case for the universal difference in sensitivity of excitation energies, magnetic moments
and electromagnetic transition probabilities to nuclear wave functions behaviour as closed shells are approached, crossed, and left behind. Aspects
of the collectivity of these nuclei are also discussed from the perspective of a simple vibrational model.
 2005 Elsevier B.V.
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The argon isotopes 36,38,40Ar, with Z = 18 protons and 18
N  22 neutrons, lie near the doubly-magic 40Ca (N = Z =
20) and are important benchmarks for testing the nuclear shell
model.
In the self-conjugate (Z = N = 18) 36Ar nucleus there are
two proton holes and two neutron holes in the sd shell. The
protons and neutrons occupy the same shell model orbitals and
have a maximum spatial overlap. In [1,2] it is noted that such
N = Z nuclei could provide information on proton–neutron
pairing correlations. The T = 0 low-lying states make it possi-
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Open access under CC BY license.ble to consider isospin symmetry effects and to study isoscalar
electromagnetic static and transition moments.
In the simplest picture, 38Ar has two proton holes in the sd
shell, with respect to the Ca core, and possesses extra stability40
due to the neutron N = 20 shell closure. In [3] it is suggested
that since the protons and the neutrons occupy the same orbitals,
the large spatial overlap of their wave functions and proton–
neutron correlations would favour excited particle–hole states
for which protons and neutrons are equally strongly excited
from the sd to the fp shell.
Finally, in 40Ar, again has two sd shell proton holes but also
two valence neutrons in the fp shell, beyond the neutron shell
gap. Here, shell crossing from the sd to the fp shell could be
enhanced [4].
All three nuclei exhibit changes in structure due to the vari-
ation of the neutron number near N = 20 and to the occupancy
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states. 36,38Ar are part of the present work; the 40Ar scheme has been added
for comparison (see text).
of specific shell model orbitals. The level schemes of the three
isotopes, relevant for the present investigations, are displayed
in Fig. 1, showing characteristic changes in excitation energy
of the corresponding nuclear states. For example, the 2+1 exci-
tation energy is highest for the semi-magic 38Ar nucleus.
In the present contribution, in which we consider primarily
properties of the first excited 2+ states of all three Ar isotopes,
the interpretation of the nuclear structure focuses on two key
questions: (i) can one consistently describe all three nuclei,
36Ar, 38Ar and 40Ar, within the sd and/or the fp shell model
configuration space; (ii) do particle–hole excitations from the
sd shell play an increasingly important role when the number
of neutrons increases? With respect to the latter issue it should
be noted that recent investigations of 2+1 states in 42,44Ca re-
quired large contributions of core-excited configurations to the
nuclear wave functions in order to explain the experimental g
factors and B(E2) values [5,6].
In view of these fundamental questions, the g factors of the
2+1 states of 36,38Ar have been measured for the first time, thus
probing the proton and neutron configurations in the nuclear
wave functions. In addition, the lifetimes of these and higher
excited states have been remeasured, in order to obtain reli-
able B(E2) values for collectivity considerations. For the 40Ar
isotope, g factor information is already available from the liter-
ature, g(2+1 ) = −0.1(1) [7], and its g(2+1 ) factor was recently
remeasured [8], confirming the earlier result. 40Ar has been in-
cluded in the overall shell model analysis of these nuclei in
order to complete the picture near the N = 20 shell closure.
2. Experimental details
The experiment was a challenge due both to the impossi-
bility of generating argon beams at tandem accelerators and
the very low natural abundances of the two isotopes in ques-tion, 36Ar (0.337%) and 38Ar (0.063%). Therefore, the states of
interest in both nuclei needed to be populated in an appropri-
ate nuclear reaction. Earlier experiences with the technique of
transient magnetic fields (TF) and the Doppler-shift-attenuation
method (DSAM), for the measurement of g factors and life-
times of short-lived nuclear states, respectively [9], have shown
that α transfer at the Coulomb barrier to an easily available pro-
jectile offered such an appropriate reaction. For the Ar nuclei in
question the α-transfer technique is particularly suitable since
the required sulphur beams are easily available with high in-
tensity at tandem accelerators. Using such a reaction, in inverse
kinematics, ensured the same good physical conditions as in
projectile Coulomb excitation experiments [10]. It should be
noted that the α-transfer reaction was already successfully ap-
plied in some earlier measurements involving radioactive nuclei
[11,12]. In these experiments it was demonstrated that the α-
transfer reaction is a significant alternative to the Coulomb exci-
tation of low-intensity radioactive beams, especially for neutron
deficient beams.
In the present measurements isotopically pure 32S and 34S
ion beams were accelerated to energies of 65 and 67 MeV,
respectively, at the Cologne and Munich tandem accelerators,
providing in each case intensities of ∼ 25 e nA on a multilay-
ered target. The two targets used consisted of thin layers of 0.33
(0.40) mg/cm2 natC on 3.23 (3.36) mg/cm2 Gd deposited on
1.7 (1.5) mg/cm2 Ta backed by 3.94 (4.27) mg/cm2 Cu. The
targets were cooled to liquid nitrogen temperature and magne-
tized to saturation in an external field of 0.06 Tesla. The Ar
isotopes were produced in the reactions 12C(32S,8Be)36Ar and
12C(34S,8Be)38Ar. In addition, Coulomb excitation of the sul-
phur projectiles also occurred. The nuclear-excited Ar and S
ions moved in the direction of the primary beam at mean ve-
locities of 3.8v0 and 3.5v0 (v0 = e2/h¯), respectively, through
the magnetized Gd layer for spin precession by TF. They were
ultimately stopped in the copper backing which served as a
hyperfine-interaction-free environment.
The de-excitation γ rays were measured with 12.7 cm ×
12.7 cm NaI(Tl) scintillators in coincidence with the forward
scattered ions, either carbon ions or 2α particles from the decay
of 8Be. Only in the case of 36Ar were both ions allowed to pass
through the target layers and an additional Ta foil. They were
detected in a Si counter placed at 0◦ relative to the beam axis;
the Ta foil between the target and the detector served as a beam
stopper. In the case of 38Ar, the carbon ions were stopped to-
gether with the beam in the same stopper foil. This precaution
was required because the 34S(2+1 → 0+1 ) γ line of 2.127 MeV
from Coulomb excitation was too close to the (2+1 → 0+1 ) line
of 2.167 MeV in 38Ar. These Doppler-broadened γ lines could
barely be resolved with a Ge detector and certainly not with
NaI(Tl) scintillators. Hence, a simultaneous measurement of
the g factor of the 34S(2+1 ) state was not possible in this ex-
periment. This problem did not exist for 36Ar and 32S, where
the corresponding lines were well resolved, so that the g fac-
tors of both nuclei could be measured simultaneously.
A Ge detector with 40% relative efficiency was placed at 0◦
to monitor contaminant lines and to measure the lifetimes of
the excited states via DSAM. Some typical spectra obtained
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Measured lifetimes, slopes of the angular correlation, and precession angles. The newly determined lifetimes are compared with data from the literature. The Φlin/g
values were calculated using Eqs. (1)–(3). The g factor and B(E2) values (deduced from lifetime averages) are compared with results from shell model calculations
(see text)
Nucl. IΠ
i
→ IΠ
f
τ(IΠ
f
) [ps] |S(Θγ )|
[mrad]−1
Φexp
[mrad]
Φlin/g
[mrad]
E(2+1 ) [MeV] B(E2)[e2 b2] g(IΠf )
[16] present exp. calc. exp. calc. exp. calc.
36Ar 0+1 → 2+1 0.46(6) 0.65(2) 0.36(6) 9.2(32) 17.7(7) 1.970 1.930 0.0211(6) 0.0322 +0.52(18) +0.488
2+1 → 4+1 0.108(16) 0.110(12) – – – – – 0.0154(14) 0.0147 – –
0+1 → 2+3 0.048(25) 0.032(4) – – – – – 0.0036(5) 0.0003 – –
38Ar 0+1 → 2+1 0.68(3) 0.71(3) 0.38(3) 4.4(22) 18.4(8) 2.167 2.032 0.0122(3) 0.0171 +0.24(12) +0.309
0+1 → 2+2 0.050(13) 0.068(8) 1.2(1) 2.5(24) 2.3(2) – – 0.0064(7) 0.0043 +1.1(11) +1.198
2+1 → 2+2 0.050(13) 0.068(8) – – – – – 0.0052(6) 0.0043 – –
0+1 → 2+3 0.058(12) 0.051(4) – – – – –  0.0001 0.0018 – –
2+1 → 2+3 0.058(12) 0.051(4) – – – – – 0.0194(17) 0.0008 – –
40Ar 0+1 → 2+1 1.62(6) – – – – 1.461 1.431 0.0378(14) 0.0241
−0.1(1)a −0.195−0.02(4)b
32S 0+1 → 2+1 0.242(7) 0.258(8) 1.37(5) 2.7(6) 6.2(3) 2.230 2.148 0.0298(6) 0.0310
+0.44(10) +0.501+0.47(9)c
a [7].
b [8].
c [14].are shown in Fig. 2. Particle-γ -angular correlations W(Θγ )
have been measured for determining the slope S ≡ [1/W(Θγ )] ·
[dW(Θγ )/dΘγ ] in the rest frame of the γ -emitting nuclei at
laboratory angles Θγ = ±65◦ and ±115◦. It is notable that the
spin alignment of the 2+2 state in 38Ar was found to be three
to four times larger than that of the 2+1 state, leading to cor-
respondingly different slope values (Table 1). This interesting
feature of the transfer reaction mechanism was not further in-
vestigated at present but should certainly be studied in more de-
tail for future applications. The precession angles, Φexp, which
were determined in the conventional way—via the counting rate
double ratios R for ‘up’ and ‘down’ directions of the external
magnetizing field and which is discussed in detail in [9]—are
given by
(1)Φexp = 1
S
√
R − 1√
R + 1 = g
µN
h¯
tout∫
tin
BTF
(
vion(t)
)
e−
t
τ dt.
Here g is the g factor of the excited state and BTF the transient
field acting for the time interval (tout − tin) that the ions spend
in the Gd layer; the exponential accounts for the nuclear decay
during the transit time of the ions through the Gd layer.
The lifetimes of states in 36Ar and 38Ar, as well as the
lifetime of the 2+1 state in 32S, were redetermined from the
Doppler-broadened lineshapes of the corresponding γ lines.
More details of the general analysis procedure with the stop-
ping powers used are described in Ref. [9]. The computer code
LINESHAPE [13] was used in the analysis (see Fig. 2). A 10%
feeding from higher states was also taken into account. It is
noted that the prominent stopped components of the (3−1 → 2+1 )
γ lines of both argon isotopes resulted, via feeding, from the
long-lived 5−1 states (Fig. 1). In particular, the strong 106 keV
line from the (5− → 4−) transition in 38Ar was clearly seen1 1in the low-energy spectrum. With the sole exception of the
36Ar(2+1 ) state, all the literature lifetimes were well reproduced
but with higher precision (see Table 1).
3. Results and discussion
The g factors were derived from the experimental precession
angles, Φexp, by determining the effective TF strength on the
basis of the linear parametrization [9]:
(2)BTF(vion) = Gbeam · Blin
with
(3)Blin = a(Gd) · Zion · (vion/v0).
Above, the strength parameter a(Gd) = 17(1) Tesla [9], and
Gbeam = 0.96(4) is the attenuation factor accounting for the dy-
namic demagnetization of the Gd layer induced by the sulphur
beams that were used [9]. The g factor results and the deduced
B(E2) values are summarized in Table 1. It is noted that for
38Ar the g factor of the 2+2 state has also been measured. In
spite of the poor accuracy achieved, which is mainly a conse-
quence of the very short lifetime and the small excitation cross
section, that g factor seems to be larger than that of the 2+1 state.
The g factor and B(E2) results are compared in Table 1 and
Fig. 3 with the results of full sd shell model calculations for
36,38Ar carried out with the computer code OXBASH [15]. The
WBT interaction of Warburton and Brown [17] was used by us
with effective charges of 1.5e, 0.5e and free nucleon g factors
of gs = 5.586, gl = 1 and gs = −3.826, gl = 0 for protons and
neutrons, respectively. The overall good agreement between our
calculated results and the experimental values, for the E(2+1 ),
g(2+1 ) and for the trend of the B(E2;0+1 → 2+1 ), is demon-
strated in Fig. 3.
210 K.-H. Speidel et al. / Physics Letters B 632 (2006) 207–211Fig. 2. γ -coincidence spectra observed for 36Ar and 38Ar with a 0◦ Ge detector.
The Doppler-broadened lineshapes reflect the nuclear lifetimes. Inserts show,
on a semi log scale, DSAM fits to the measured lineshapes of the (2+1 → 0+1 )
transitions.
For the N = Z nuclei 3216S16 and 3618Ar18 both the experi-
mental and calculated g(2+1 ) values are close to +0.5. This
result is generally expected for isoscalar g factors of T = 0
states of N = Z nuclei [11,18,19]. In a pure d3/2 model
space g(36Ar) would be the average of the g factors of the
d3/2 proton and neutron, g = 12 (0.083 + 0.765) = +0.424.
Alternatively, g(36Ar) can be approximated as the average
of the high precision experimental g factors of the 3/2+
ground states of 39K and 39Ca [20]: g = 12 (0.261 + 0.681) =+0.471.
For 38Ar the dominant π(d3/2)−2 configuration yields
g(2+1 )  +0.083, so that the larger experimental value involves
additional contributions from smaller proton hole wave func-
tion components which have large positive g factors.
For 40Ar similar calculations were carried out using the
same effective interaction and the model space π(full sd)−2 ·
ν(fullfp)2. It is concluded (as is detailed in [8]) that the results
are compatible with a relatively small core-excitation compo-Fig. 3. Summary of the 2+1 excitation energies, B(E2)’s and g(2
+
1 ) values for
the three Ar-isotopes. Open (closed) circles refer to present (previous [7]) data;
the square represents the measurement of Ref. [8]. The crosses represent the
results of shell model calculations (see text). The collective Z/A prediction is
also shown. The lines are drawn to guide the eye.
nent and that a near spherical shell model picture can still be
assumed for the 2+1 state of 40Ar.
The effect of the N = 20 shell closure is seen clearly in
Fig. 3 for both the E(2+1 )’s and the B(E2;0+1 → 2+1 )’s, but not
for the g(2+1 )’s. It is further noted that the B(E2)’s involving
the 2+3 state are not well reproduced (see Table 1), possibly in-
dicating 2+3 wave function components from beyond our shell
model space.
It is interesting to also consider the three Ar isotopes—36Ar,
38Ar, and 40Ar, respectively—from the perspective of the sim-
plest vibrational picture. Such a picture is shown below to be
consistent with some (but certainly not all) of their observed
properties.
The respective experimental excitation energy ratios E(4+1 )/
E(2+1 ) (which is 2 for a vibrator) are 2.24, 2.47, and 1.98.
In 36Ar the 2+, 0+ and 4+ level triplet is separated by only2 2 1
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units (W.u.), are 6, 3, and 9, and thus are not too collective;
in vibrational nuclei these B(E2)’s are usually larger. For 36Ar
the g(2+1 ) value of +0.52(18), explained earlier by shell model
considerations, also happens to be close to the collective value
of Z/A = +0.5. However, for 38Ar Z/A = +0.47, while the
observed g(2+1 ) = +0.24(12), and for 40Ar Z/A = +0.45,
while the observed g(2+1 ) = −0.1(1) or −0.02(4). Thus the
g(2+1 ) factors of 38Ar and 40Ar are inconsistent with a vibra-
tional picture. In 38Ar the B(E2;0+1 → 2+2 ) is about 50% of the
B(E2;0+1 → 2+1 ) rather than being at least an order of magni-
tude smaller as the vibrational model would predict. It should be
noted that the measured quadrupole moments of the 2+1 states
are +0.11(6) b for 36Ar but only +0.01(4) b for 40Ar [20].
On the basis of the present work we draw the following con-
clusions:
(1) Within the shell model framework there is an overall
good agreement between theory and experiment for the exci-
tation energies, the g factors and the trend of the B(E2)’s in
question.
(2) For 32S, 36Ar and 38Ar the data can be explained without
requiring any excitation of sd shell protons and neutrons across
the shell gap to the fp shell. However, for 40Ar such excitations
may be required, but are not as significant as they are for the
42,44Ca isotopes [5,6,8].
(3) The relative behaviours of the E(2+1 )’s and the B(E2)’s
are consistent with the expected relative increase of collectivity
as one moves away from N = 20: the lower E(2+1 )’s corre-
spond to larger B(E2)’s and vice versa. These results arise in
the present work from our shell model calculations, calculations
which can also account for certain collective effects. Some of
these effects are consistent with a simple vibrational behaviour.
However, this collective picture is shown to be, unlike the shell
model picture, insufficient to fully describe the low-lying struc-
ture of the three Ar isotopes.
(4) In contrast, the g factors do not follow the trend of
the B(E2)’s, depend on the relevant shell model configura-
tions, and their trend cannot be explained using a comple-
mentary collective picture. Thus the g value of 40Ar deviates
more from the collective Z/A value than does that of the semi-
magic 38Ar, a deviation due in the shell model picture to the
π(d3/2)−2 · ν(f7/2)2 configuration. This shows clearly the verydifferent sensitivity of these two quantities to the nuclear struc-
ture. With the g factor one essentially probes specific proton
and neutron configuration components in the wave functions,
whereas the B(E2) expresses the overall nuclear collectivity
without much emphasis on the specific configuration. This be-
haviour is well demonstrated by the present data and shows that
both quantities are indispensable and complementary for deter-
mining the nuclear structure.
(5) We were able to demonstrate, both experimentally and
calculationally, the effects on several nuclear properties of
crossing the N = 20 semi-magic shell closure. The E(2+1 )’s
and B(E2)’s show expected discontinuities, but in this case the
g(2+1 )’s do not.
Acknowledgements
The authors are grateful to the operating staff of the tan-
dem accelerators. They acknowledge support by the BMBF, the
Deutsche Forschungsgemeinschaft, and the US DOE. Y.Y.S.
is grateful for a Stockton College Summer Research Grant.
S.J.Q.R. acknowledges support from the University of South-
ern Indiana.
References
[1] A.L. Goodman, Phys. Rev. C 58 (1998) R3051.
[2] K. Kaneko, M. Hasegawa, Phys. Rev. C 60 (1999) 024301.
[3] D. Rudolph, et al., Phys. Rev. C 65 (2002) 034305.
[4] E. Caurier, et al., Phys. Lett. B 522 (2001) 240.
[5] S. Schielke, et al., Phys. Lett. B 571 (2003) 29.
[6] M.J. Taylor, et al., Phys. Lett. B 559 (2003) 187.
[7] K.-H. Speidel, et al., Nucl. Phys. A 549 (1992) 304.
[8] E.A. Stefanova, et al., Phys. Rev. C 72 (2005) 014309.
[9] K.-H. Speidel, O. Kenn, F. Nowacki, Prog. Part. Nucl. Phys. 49 (2002) 91.
[10] O. Kenn, et al., Phys. Rev. C 65 (2002) 034308.
[11] S. Schielke, et al., Phys. Lett. B 567 (2003) 153.
[12] J. Leske, et al., Phys. Rev. C 71 (2005) 044316.
[13] J.C. Wells, N.R. Johnson, Computer code LINESHAPE, ORNL, 1994.
[14] P.C. Zalm, A. Holthuizen, J.A.G. de Raedt, G. van Middelkoop, Nucl.
Phys. A 315 (1979) 133.
[15] A. Etchegoyen, et al., Computer code OXBASH, MSU-NSCL, Report
No. 524, 1985, unpublished.
[16] ENSDF, http://www.nndc.bnl.gov/nndc/ensdf/.
[17] E.K. Warburton, B.A. Brown, Phys. Rev. C 46 (1992) 923.
[18] J.D. McCullen, B.F. Bayman, L. Zamick, Phys. Rev. 134 (1964) B515.
[19] B.A. Brown, J. Phys. G 8 (1982) 679.
[20] P. Raghavan, At. Data Nucl. Data Tables 42 (1989) 189.
